Background. Isolated limb infusion with melphalan (ILI-M) corrected for ideal body weight (IBW) is a well-tolerated treatment for patients with in-transit extremity melanoma with an approximate 29 % complete response (CR) rate. Sorafenib, a multi-kinase inhibitor, has been shown to augment tumor response to chemotherapy in preclinical studies. Methods. A multi-institutional, dose-escalation, phase I study was performed to evaluate the safety and antitumor activity of sorafenib in combination with ILI-M. Patients with AJCC stage IIIB/IIIC/IV melanoma were treated with sorafenib starting at 400 mg daily for 7 days before and 7 days after ILI-M corrected for IBW. Toxicity, drug pharmacokinetics, and tumor protein expression changes were measured and correlated with clinical response at 3 months. Results. A total of 20 patients were enrolled at two institutions. The maximum tolerated dose (MTD) of sorafenib in combination with ILI-M was 400 mg. Four dose-limiting toxicities occurred, including soft tissue ulcerations and compartment syndrome. There were three CRs (15 %) and four partial responses (20 %). Of patients with the Braf mutation, 83 % (n = 6) progressed compared with only 33 % without (n = 12). Short-term sorafenib treatment did alter protein expression as measured with reverse phase protein array (RPPA) analysis, but did not inhibit protein expression in the MAP kinase pathway. Sorafenib did not alter melphalan pharmacokinetics. Conclusion. This trial defined the MTD of systemically administered sorafenib in combination with ILI-M. Although some responses were seen, the addition of sorafenib to ILI-M did not appear to augment the effects of melphalan but did increase regional toxicity.
Despite initial therapy, 2-10 % of extremity melanoma lesions will recur as in-transit metastases, representing melanoma tumor deposits in the dermal or subcutaneous lymphatic vessels located between the primary tumor and regional lymph nodes. 1, 2 Regional chemotherapy, frequently with melphalan (L-phenylalanine mustard) delivered via either hyperthermic isolated limb perfusion (HILP) or isolated limb infusion (ILI-M), has emerged as the treatment of choice for unresectable recurrent extremity melanoma. [2] [3] [4] [5] [6] [7] ILI-M has been found to be associated with significantly less major morbidity compared with HILP, and a recent multi-institutional study found a complete response (CR) rate to ILI-M of 29 % in patients who had their melphalan dose corrected for ideal body weight (IBW). [7] [8] [9] [10] Recent research has focused on improving response rates to ILI-M through the use of targeted agents directed against proliferation and chemoresistance pathways important in melanoma. 10 One of the most common genetic alterations found in approximately 40-50 % of melanomas is the constitutively activating mutation of the Braf serine/ threonine kinase, which leads to unchecked stimulation of the mitogen-activated kinase/extracellular signal-regulated kinase (MEK) and extracellular signal-regulated kinase (ERK) pathway. 11, 12 Increased activity of this pathway leads to proliferative, survival/antiapoptotic, and angiogenic pathway activation that enhances growth and progression of melanoma tumors. 12 The high prevalence of activating Braf mutations in melanoma makes this pathway an attractive target for therapeutic intervention.
Sorafenib (Nexavar) is an oral multikinase inhibitor that has been shown to antagonize both Raf serine/threonine kinases and receptor tyrosine kinases associated with tumor proliferation and survival. 13 Trials in which sorafenib was combined with systemic cytotoxic chemotherapy have suggested that sorafenib can augment the antitumor activity of some chemotherapeutic agents. [14] [15] [16] In preclinical studies, sorafenib in combination with melphalan led to significantly improved responses in vitro, and the combination was more effective than either treatment alone in slowing tumor growth in a rat regional-therapy xenograft model of extremity melanoma. 17, 18 Here, we report results from a multicenter, phase I dose escalation study to evaluate the safety, tolerability, pharmacokinetics, and antitumor activity of systemic sorafenib in combination with ILI-M in patients with locally advanced in-transit melanoma of the extremity.
MATERIALS AND METHODS

Patient Eligibility
Major inclusion criteria included: age 18 years or older, histologically confirmed recurrent American Joint Commission on Cancer (AJCC) stage IIIB or IIIC melanoma limited to a single extremity or stage IV melanoma limited to a single extremity, tumor tissue available for pre-ILI biopsy, measurable cutaneous disease distal to the location of tourniquet placement, and Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1. We did not mandate that patients have their tumors tested for the Braf mutation as our preclinical data suggested that sorafenib may augment the efficacy of melphalan independent of tumor mutational status. 18 Patients previously exposed to sorafenib were excluded, though patients having undergone prior ILI-M or HILP were allowed. All patients were required to give informed consent. The institutional review boards of the participating institutions approved the study.
Study Design
This trial was an open-label, multicenter, phase 1 dose escalation study of systemic sorafenib in conjunction with ILI-M. Human data suggested that sorafenib reaches steady-state concentrations after 7 days. 19 A comparison of melanoma biopsies in another study showed that the percentage of cell nuclei staining positively for phosphorylated ERK decreased with sorafenib treatment after 7 days. 20 Our own preclinical work also suggested that sorafenib could significantly decrease phosphorylated ERK levels after 7 days of treatment in a rat model of regionally advanced melanoma. 18 Patients thus received sorafenib for 7 days prior to and 7 days following ILI-M (Fig. 1) . We continued sorafenib after ILI based in part on our animal model trying to maintain suppression of phosphorylated Erk activity and in an attempt to simulate trials in metastatic melanoma that found the best response rates were achieved when sorafenib was administered concurrently and continuously with chemotherapy. 18, 21 This study was designed to treat three patient cohorts at sorafenib daily doses of 400, 600, and 800 mg (given in divided doses twice daily). These doses were chosen based on prior studies that established the maximum tolerated dose (MTD) of sorafenib as a single agent to be 800 mg daily; thus we chose to start the dose escalation for the combination therapy at 50 % (400 mg) of the sorafenib MTD in an attempt to define and minimize any potential interactions with melphalan. 22 Melphalan was administered regionally via ILI at a dose of 10 mg/L for the upper extremity and 7.5 mg/L for the lower extremity corrected for ideal body weight (IBW). 7 ILI was performed as previously described using an arterial injection of papaverine just prior to rapid infusion of melphalan into the arterial catheter (over the course of 2-5 min) after achieving a limb temperature of at least 37.0°C. 7 This study was initially designed as a standard phase I dose escalation study in which each cohort included a minimum of two patients or a maximum of six patients depending on the observed dose limiting toxicities (DLTs).
Toxicity Evaluation
Adverse events were graded using the National Cancer Institute's Common Toxicity Criteria for Adverse Events (CTCAE) version 3.0. Adverse events were classified as DLTs if they occurred within 30 days from the last dose of sorafenib, were judged to be possibly, probably, or definitely related to sorafenib or its combination with ILI-M, and met one of the following parameters: absolute granulocyte count \0.5 9 10 9 /L lasting C7 days, CTCAE grade C 3 neutropenic infection or febrile neutropenia, platelets \50 9 10 9 /L lasting C7 days, symptomatic bleeding sufficient to require therapeutic intervention, nonhematological toxicity of CTCAE grade C 3 severity, CTCAE grade C 4 drug-related regional toxicities as defined by specified areas pertinent to limb toxicity, or inability to take two planned doses of sorafenib during the 14-day regimen. The maximum tolerated dose (MTD) was defined as the highest dose at which \2 of six patients or B3 of ten patients experienced a DLT. The MTD cohort was then expanded to ten patients.
During the study we obtained IRB approval for a modification of the definition of DLT to allow for isolated creatine phosphokinase (CPK) elevation in the absence of compartment syndrome to be considered a non-DLT. This change affected patient accrual to dose cohorts as explained in the results section.
Assessment of Tumor Response
Tumor response was evaluated at 3 months posttreatment using the Response Evaluation Criteria in Solid Tumors (RECIST) modified for cutaneous lesions. 10 Patients were classified as having a CR, partial response (PR), stable disease (SD), or progressive disease (PD). 7 We chose the 3-month posttreatment time point to evaluate response as a way to standardize response evaluation and because we have used this benchmark in our previous work. 7, 9, 10 However, we acknowledge that this method may not capture an individual patient's best response, which may vary among patients. 6 New disease in the field of treatment was automatically classified as having PD regardless of target lesion response.
Pharmacokinetic Evaluations
Just before ILI and during the 30-min circulation of melphalan through the infusion circuit, blood samples (5 mL) were obtained from the venous stopcock of the circuit to assess melphalan and sorafenib levels. Melphalan concentrations were measured using high-performance liquid chromatography (HPLC) fluorescence as described previously. 23 Sorafenib levels from a plasma sample collected just before ILI were measured by liquid chromatography electrospray ionization tandem mass spectrometry as previously described with modifications to accommodate equipment and internal standard material available. 24 
Braf and Nras Mutation Analysis
Tumor tissue was obtained prior to initiation of sorafenib and again prior to ILI. The samples were snap frozen and stored at -133°C until analysis. Tissue samples were homogenized using a mini bead-beater (Biospec Products) and lysing matrix A (MP Biomedicals), total RNA isolated (Qiagen RNeasy), and cDNA synthesized (Roche Firststrand cDNA synthesis). PCR amplification for Braf and Nras sequencing was performed on a Stratagene Robocycler 96 using HotStart Taq DNA polymerase (Qiagen) in a 50 lL reaction volume (primer sequences and reaction settings available upon request). Purified PCR products (Qiaquick PCR purification kit; Qiagen) were sequenced by the Duke University DNA Analysis Facility using the Applied Biosystems Dye Terminator Cycle Sequencing system with AmpliTaq DNA Polymerase and ABI 377 PRISM DNA sequencing instruments and analysis software.
Reverse Phase Protein Array and Analysis
Tumor samples from five patients were analyzed for protein expression using reverse phase protein array (RPPA). Prior to homogenization, tumor biopsy samples were evaluated for percent tumor content. All samples harbored a minimum of 70 % tumor. Proteins were isolated from the tumor samples as previously described, and protein lysates were prepared using standard methods. 25 After normalizing the samples to the same concentration and denaturing the sample, reverse phase protein array (RPPA) analysis was performed by the Functional Proteomics Core Facility at the MD Anderson Cancer Center (Houston, TX). Relative protein expression levels were determined for 194 protein markers (data available upon request). Hierarchical cluster analysis was done using Cluster v3.0 and visualized with Treeview 1.6.
Statistical Considerations
Descriptive statistics were used to describe the distribution of baseline demographics, perioperative variables, response, and toxicity. In-field response was defined as CR or PR and served as the main outcome variable of interest with no response defined as either SD or PD. For the RPPA analysis, the reproducibility and correlation of results were tested by calculating Pearson Correlation coefficients. The associations between protein levels and sorafenib dose level were determined by v 2 and Fisher exact testing as previously described. 26 Proteins significantly correlated with sorafenib dose level were selected based on Pearson Correlation Coefficients using an alpha level of 0.90 (P \ 0.10; unpaired t test) because of the small number of patient samples (n = 5).
RESULTS
A total of 20 patients received sorafenib plus lowerextremity ILI-M at two institutions over 22 months. Of these patients, 70 % (14 of 20) had received a prior melphalan-based regional therapy. Other patient characteristics are shown in Table 1 . Hypoxia and acidosis during ILI-M were achieved with a median ischemic time of 68 min (range 44-94 min) and median peak temperature 39.3°C (range 37.0-41.3°C). The median values of other procedural variables at 30 min were: pH 7.14 (range 6.99-7.29), base excess 11.0 (range -16.0 to -2.4), and pO2 5.5 mm Hg (range 2-37). 7 After none of the initial three patients enrolled in the first cohort (400 mg dose of sorafenib) experienced a DLT, dose escalation proceeded to 600 mg sorafenib. In this cohort, one of the first three patients experienced a DLT (grade 4 ulceration), and the cohort was expanded by an additional three patients. The sixth patient enrolled in this cohort experienced an isolated grade 4 CPK elevation ([10 times the upper limit of normal), which at that time was considered a DLT. As transient spikes in CPK are frequently observed following ILI, an IRB-approved amendment was instituted for the remainder of the study, which stated ''…isolated CPK elevations in the absence of compartment syndrome should be considered a NON-dose limiting toxicity.'' 7 The IRB-approved amendment had the effect of restarting dose escalation at the lowest dose (400 mg sorafenib) and resetting the DLT count. Three more patients were enrolled at the 400-mg dose without serious toxicity, leading to dose escalation back to the 600-mg level. Of the next four patients, two enrolled in the second cohort experienced a DLT (compartment syndrome requiring surgical decompression; b Subjects in the 600 mg cohort * Tumor biopsies from subject 8 and 17 were unavailable ** Patient 9 had an elevation in creatine kinase that was initially considered a grade IV toxicity but was later changed to a lower grade after a protocol amendment grade 4 ulceration requiring surgical debridement, see Fig. 2), establishing this dose level as the maximum administered dose (MAD). The first cohort (400 mg sorafenib) was subsequently expanded by four patients to a total of ten patients, one of whom experienced a DLT (grade 4 ulceration requiring surgical debridement; see Fig. 2 ) and one of whom experienced a delayed complication (7 months after ILI-M the patient was found to have an abscess of the posterior leg compartment in the infused leg and was treated with surgical debridement). With just the one DLT among the ten patients in the low-dose cohort, 400 mg was declared the MTD of sorafenib when used in combination with ILI-M.
Safety Profile
Clinical Response
Of the 20 patients, 19 were assessed for in-field tumor response at 3 months following ILI (one patient progressed out of field prior to the 3-month endpoint and was treated with additional systemic therapy). Of the 20 patients, three achieved a CR (15 %), four achieved a PR (20 %), 2 had SD (10 %), and 10 had PD in field (50 %). Interestingly, regression of at least 1 lesion occurred after 1 week of sorafenib therapy as measured just prior to ILI-M in 50 % (ten of 20) of the patients. In some of these lesions, necrosis and involution was marked, as shown for one patient (Fig. 3) . Of the patients who had received previous melphalan-based therapy (14 of 20), there were three CRs, three PRs, two SDs, and six PDs. Among the three CRs in this pretreated group, all had also achieved a CR after prior ILI with melphalan alone. Of the chemonaive patients (six of 20) in this study, one experienced a PR, four experienced PD, and one was nonevaluable as mentioned previously.
Of the patients who did not progress in field at 3 months (nine of 20), eight were available for 6-month follow-up (one of the patients with SD at 3 months was treated with systemic chemotherapy following metastatic recurrence prior to the 6-month follow-up time point). Of the eight evaluable patients, four maintained their in-field response at the 6-month time point and four progressed in field, necessitating further treatment for their PD.
Among all 20 patients, six experienced disease progression outside the region infused prior to the 3-month time point (subcutaneous tissue, n = 2; brain, n = 1; mediastinum and peritoneum, n = 1, regional LN, n = 1, and widely metastatic, n = 1). At the 3-month time point, three more patients were found to have out-of-field progression (subcutaneous tissue, n = 1; liver, n = 1; inguinal lymph nodes, n = 1). Two patients developed out-of-field disease discovered prior to the 6-month time point (inguinal lymph nodes, n = 1; and subcutaneous tissue n = 1), and one patient was found to have out-of-field progression at the 6-month time point (liver). Two patients could not be evaluated for out-of-field recurrence as mentioned previously, and six patients (two CRs, three PRs, and one SD at 3 months) had no evidence of out-of-field disease at the 6-month time point. Finally, one patient developed squamous cell carcinoma in the field of treatment approximately 7 weeks after ILI-M. 27 
Pharmacokinetics
We have previously demonstrated that melphalan pharmacokinetics correlate with toxicity and have optimized melphalan dosing to reduce toxicity by correcting the dose for IBW. 28 The rate of grade C 3 limb toxicity in this study was 45 % (nine of 20) compared with rates of 21 % (14 of 66) in a multicenter study of ILI-M and 20 % (nine of 45) in a multicenter study of ILI-M plus systemic ADH-1 (an N-cadherin antagonist). 11, 29 All patients in these studies had a melphalan dose corrected for IBW. In the present study, none of the measured pharmacokinetic parameters differed between the 11 patients with grade \ 3 limb toxicities and the nine patients with grade C 3 toxicities: the mean measured melphalan maximum concentrations (C max ) in these subgroups were 29.01 and 28.15 lg/mL, respectively; the melphalan area under the plasma concentration time curves (AUC) were 6.76 and 6.88, respectively; and the mean sorafenib plasma concentrations immediately prior to ILI were 7.46 and 6.47 lg/mL, respectively. When compared with the ADH-1 phase 1 study, melphalan pharmacokinetic parameters observed in this trial did not differ appreciably. The mean postoperative CPK value observed in the group of patients treated with ILI-M in combination with systemic sorafenib was 2,280 U/L (range 42-14,459 U/L). This value was higher than that from our database of patients treated with ILI-M alone (mean 1,879 U/L, range 38-11,674 U/L) and patients treated with ILI-M in combination with systemic ADH-1 (mean 1,075 U/L; range 38-8,705 U/L), an N-cadherin antagonist we investigated in phase I and II trials.
10,29
Correlative Data
Tumor tissue from each patient was collected just prior to beginning sorafenib therapy and following the completion of the first week of sorafenib just prior to ILI-M. Of the 19 patients evaluable at 3 months, 18 were successfully genotyped for Braf and Nras mutational status using PCR amplification and DNA sequencing (one patient's samples yielded inadequate tumor tissue, precluding mutational status assessment). Also, 33 % of patient tumors (six of 18) were found to have the Braf mutation while 28 % of patient tumors (five of 18) had the Nras mutation ( Table 1 ). The response rate was similar between patients with and without the Braf and Nras mutations. Interestingly, the patient who had marked involution of tumor after treatment with sorafenib ( Fig. 3) did not exhibit the Braf or Nras mutation. Progression occurred in 54 % of patients with wild-type Nras (seven of 13) and 40 % of patients with the Nras mutation (two of five). With respect to Braf, 33 % of patients expressing wild-type Braf (four of 12) progressed in field at 3-months compared with 83 % of patients expressing mutant Braf (five of six).
In order to determine the effects of sorafenib on protein signaling networks, remaining tumor tissue was analyzed using RPPA in five patients. After confirming that the biopsies had [70 % tumor content and lacked significant necrosis, RPPA analysis was performed on proteins isolated from the tumor samples. The relative expression of a total of 194 protein markers, including many activationspecific epitopes, was determined for the samples. Previous work in preclinical models demonstrated that the maximal in vitro antitumor activity of sorafenib correlates with the inhibition of the RAF-MEK-ERK signaling pathway. 30 Analysis of the expression of phosphorylated MEK (P-MEK) relative to total MEK and P44/42 MAPK (P-MAPK) relative to total MAPK failed to demonstrate a notable decrease in either of these activation-specific protein markers of the Raf-MEK-ERK pathway with sorafenib treatment (Fig. 4) despite the pronounced clinical responses observed in some patients after 1 week of systemic sorafenib treatment (Fig. 3) .
Unsupervised clustering analysis of protein expression changes in the tumor tissue of these five patients failed to identify patterns associated with the mutational status of the tumors or with clinical response at 3 months (data not shown). Comparison of changes in protein expression patterns for patients treated with low (400 mg) versus high (600 mg) doses of sorafenib showed a more striking pattern (Fig. 5) . Overall, 35 proteins showed significant differences between the two doses (P \ .10; see Fig. 5 ). In patients receiving 600 mg of sorafenib daily, 16 proteins showed increased expression and 19 proteins showed decreased expression. The pro-apoptotic Bcl-2 family protein Bim and the cyclin-dependent kinase inhibitor p21 both showed marked treatment-induced increases in expression (P = 0.025 and P = 0.017, respectively) in patients receiving 600 mg sorafenib compared with patients receiving 400 mg sorafenib. Among the 19 proteins with decreased expression in the 600-mg dose cohort are three protein kinases that are known targets of sorafenib: VEGFR2 (or KDR; P = 0.045), CRaf (or RAF1; P = 0.075), and cKit (P = 0.062). 28 Also of note, several mTOR pathway proteins showed altered expression patterns in the high sorafenib dose patients, including decreased expression of mTOR (P = 0.059), TSC2 (P = 0.068), AMPK (P = 0.081), and S6 ribosomal proteins (P = 0.055) and increased expression of the translation repressor protein 4E-BP1 (P = 0.093). These results suggest that sorafenib has a dose-dependent effect on important apoptotic and proliferative pathways.
DISCUSSION
In this study, the MTD of systemic sorafenib in combination with ILI-M was established as 400 mg daily for 1 week prior to and 1 week following ILI-M. This dose, half that used in the setting of RCC and HCC, was chosen as the starting dose in an attempt to avoid any serious Using linear load-corrected measurements of protein expression, the ratio of phospho-protein to total protein is plotted for 5 patients before and after treatment with sorafenib for MEK (left) and MAPK (right). Tumor tissue was analyzed from two patients from the low-dose (400 mg) sorafenib cohort and 3 patients from the high-dose (600 mg) sorafenib cohort additive or synergistic toxicity between sorafenib and melphalan. [31] [32] [33] Overall, we observed sorafenib-related systemic adverse events and regional toxicity from ILI-M similar to those that have previously been reported. 16 Importantly, we also observed significant regional toxicity primarily involving the posterior compartment of the limb that included three instances of grade 4 ulceration, one grade 3 ulceration, one compartment syndrome, and one delayed complication (an abscess that ultimately required surgical debridement) that was potentially associated with the combination treatment. Also of note was the significant degree of CPK elevation, which we have shown correlates with regional toxicity. 7 The postoperative CPK values from this study were higher than we have previously seen. This suggests that sorafenib may have exacerbated melphalaninduced muscle toxicity, although certainly in this small study the toxicity could have been related only to ILI-M. Preclinical studies of combination sorafenib and ILI-M in a regional melanoma rat model did not demonstrate exacerbation of ILI-M toxicity, signifying that preclinical animal studies may underplay clinical toxicity seen in humans. 18 One patient in the 400 mg cohort developed squamous cell carcinoma (SCC) approximately 7 weeks after treatment. At least 13 episodes of SCC associated with sorafenib treatment have been reported with an average treatment interval (time between sorafenib treatment and diagnosis of skin neoplasm) of 33 weeks. 32 In a recent report, 31 % of melanoma patients (ten of 32) with a Braf mutation treated with the Braf inhibitor, PLX4032, developed SCC. 34 The underlying mechanism leading to the development of SCC in melanoma patients treated with Braf inhibitors is potentially related to the ability of these inhibitors to activate the MAP kinase pathway in cells lacking the Braf mutations. [35] [36] [37] That the patient in this study developed squamous cell cancer in the infused limb considerably more quickly than has previously been reported, and was taking a relatively low daily dose of sorafenib, suggests that melphalan may augment this specific sorafenib-associated toxicity as well.
The CR rate of 15 % and overall response (OR) rate (CR rate ? PR rate) of 35 % in this trial are lower than our previously reported CR rate of 31 % and OR rate of 64 % in patients undergoing ILI-M corrected for IBW. 9 Moreover, all of the patients who experienced a CR (three of three) and 75 % of the patients who experienced a PR (three of four) had responded to previous melphalan-based regional therapy. Sorafenib thus did not appear to help overcome melphalan resistance in this trial. Our preclinical data suggested that sorafenib could augment melphalanbased cytotoxicity independent of mutational status, but that maximal cytotoxicity was seen when MAPK signaling pathways were inhibited. 18 Although previous studies have demonstrated that sorafenib is a potent inhibitor of MEK and MAPK in vitro as well as in our rat extremity melanoma model, we did not observe a substantial decrease in P-MAPK or P-MEK expression levels in any of the 5 patients for whom matched tumor tissues were available for RPPA analysis (Fig. 4 ) with 1 week dosing of sorafenib. 18, 37 Recent studies have demonstrated that clinical benefit from a more selective Braf inhibitor PLX4032 occurs only at a dose sufficient to inhibit P-MAPK levels to about 80 %. 38 While this trial only included 20 patients, the lack of clinical benefit from sorafenib in patients with mutant versus wild-type Braf suggests that a 1-week course of sorafenib failed to significantly inhibit the signaling mediated by the Braf protein. Of note, a previous analysis of candidate biomarkers corresponding with clinical benefit in metastatic melanoma patients treated with sorafenib, paclitaxel, and carboplatin also failed to identify an association with Braf mutation status and clinical response. 39 Although we did not observe significant inhibition of the RAF-MEK-MAPK signaling pathway by sorafenib, there were both clinical and biochemical indications that the drug did affect the tumors in this group of patients (Fig. 3) . Sorafenib may also exert significant growth-inhibitory effects via its antagonism of the VEGF/PDGFR signaling pathway, leading to tumor vasculature compromise. 37 In the prior analysis of patients treated with sorafenib, paclitaxel, and carboplatin, the pretreatment expression levels of the VEGF-R2 did significantly correlate with clinical responsiveness. 39 In our study, patients treated with 600 mg of sorafenib achieved a greater reduction in VEGF-R2 expression than patients treated with 400 mg daily (P = 0.04). We also identified 34 other proteins known to regulate cellular proliferation and apoptosis, which exhibited marked dose-dependent expression in response to sorafenib (Fig. 5) . Unfortunately, the theoretical benefits of reduced CRaf, cKit, and mTOR expression and increased Bim and p21 expression were not borne out in improved clinical responses.
This trial defined the MTD of systemically administered sorafenib in combination with ILI-M. The addition of sorafenib appeared to increase the regional toxicity of ILI-M in a manner not explained by pharmacokinetic analysis. Although sorafenib did demonstrate dose-dependent changes in protein expression, these changes did not inhibit Braf signaling or augment response to ILI-M. Future directions include elucidating the mechanism of melphalan toxicity exacerbation by sorafenib, determining if a more selective and potent inhibitor of Braf signaling pathways might augment regionally delivered chemotherapy in patients whose tumors harbor the Braf mutation, and establishing the optimal dosing and timing of therapy.
